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To increase the current that can be obtained from a battery electrode or fuel cell one has two options, either to increase the surface area A or to increase the exchange current density j 0 . Enhancing j 0 is equivalent to increasing the catalytic activity of an electrode towards a reaction (or partial reaction) 4-7 .
To assess whether a certain electrode composition, the size or dispersion of catalyst particles, the coordination of surface atoms or the substrate improve the catalytic activity of an electrode, j 0 has be determined unambiguously.
Electrochemical experiments, however, always yield the exchange current I 0 , which is the product of A and j 0 . Therefore, in order to determine either A or j 0 , the other one has to be known.
On noble metal electrodes used for fuel cells there a number of experimental methods to determine the electrochemical active surface area A 8, 9 : H 2 adsorption and desorption and CO and Ag deposition.
For high surface area carbons the gases typically chosen for adsorption studies are N 2 or CO 2
10
. ) and can be used to determine A by dividing C DL by c DL . Two caveats exist to this method: First, the ratio between edge plane and basal plane might be unknown, and therefore the large difference between the two values makes a recalculation difficult. Second, the C DL is potential dependent which is not considered in above literature values 13 .
Microscopy techniques such as tapping mode atomic force microscopy 14 and scanning tunneling microscopy can be used to obtain an image of the electrode surface and then deduct the roughness from it 15 , but these tools will not reveal the porosity of the bulk of the electrode interior.
Determination of I 0 on porous electrodes is also not a simple task. A number of studies showed that porosity and surface alter electrochemical responses compared to flat model electrodes [16] [17] [18] [19] [20] [21] [22] . The planar diffusion model does not hold and it was stated that the electrode effectively does not have a constant active surface area A
21
. However, one could also argue that there is a dispersion of diffusion coefficients and this is responsible for the inapplicability of textbook electrochemical equations: The high surface area electrode material hinders diffusion of redox species from the bulk electrolyte into the pores. With distance from the outer electrolyte-electrode interface, deeper within the porous structure, the diffusion constants will decrease. Porosity might further influence the effective viscosity of electrolyte 23 .
Therefore, to determine I 0 on porous electrodes, a measurement technique has to be chosen that has access to a time regime in which the redox species within the pores are not depleted yet and therefore diffusion plays a negligible role. In general, both the redox kinetics and the mass transport contribute to the overpotential for a given redox reaction. In practical electrochemical energy storage or conversion devices it is crucial to obtain reaction conditions under which both kinetics and mass transport are fast.
However, the presented study only deals with the determination of the electron transfer constant k 0 in a time regime in which mass transport limitation is less important. For the combined treatment of both kinetics and mass-transport in electrochemical cells the reader is referred to other studies [24] [25] [26] [27] [28] [29] [30] .
In this study, we will investigate a model system, the ferric/ferrous couple on a multi-walled carbon nanotube (MWCNT)-modified GC electrode, to obtain and compare values for I 0 from three different measurement techniques: Cyclic voltammetry (CV), chronoamperometry (CA) and electrochemical impedance spectroscopy (EIS). Possible ways to obtain A and therefore j 0 and the electron transfer constant k 0 are discussed then. We will also present a method that normalizes the charge transfer resistance R CT by the C DL , both values are obtained from EIS 17 .
With the insights obtained regarding the suitability of CV, CA and EIS for porous electrode materials we will review the recent literature on the kinetics of the vanadium redox reactions (V
2+
/V 3+ and VO
/VO 2 + ).
These two redox reactions are employed in the commercially important All-Vanadium Redox Flow Battery (VRB) 31, 32 and are mostly investigated on porous electrodes. In the literature, k 0 values for these two redox reactions spread over four orders of magnitude (see Fig. 5 ) and we will review how these strongly deviating values were obtained [33] [34] [35] . The additional benefit when combining the study on the electrochemical techniques and the review on the vanadium redox reactions is that we will be able to
show that this discrepancy in k 0 values can be explained by the selection of electrochemical techniques unsuitable for high surface area carbon electrodes.
2.
Comparison of experimental methods to obtain kinetic information on porous electrodes
Experimental methods and materials
To generate porous electrodes MWCNTs NC3100 from Nanocyl were deposited onto glassy carbon electrodes as reported previously 17 . 4 . For CV, CA and EIS the raw data will be presented and it will be discussed how the exchange current I 0 can be obtained from these measurements. After that I 0 will be converted to k 0 by estimating the surface area by using BET and the specific capacitance. Our interpretation is that the peaks with a wide potential separation (orange curve and green curve) originate from the flat GC, whereas the peaks with a small peak separation (blue curve and green curve) are generated by the MWCNTs, the porous part of the electrode. The green curve shows both types because 1 μg of MWCNTs is not sufficient to cover the entire surface of the GC substrate.
Cyclic voltammetry
With the above hypothesis, that there are peaks on porous parts of the electrodes and peaks on flat electrodes, established, the question remains why porous and flat structures generate different signals.
Keeley et al. stated that the surface area during the course of a CV changes on porous structures 21 . In our opinion, it would be better to speak of a dispersion of diffusion coefficients, which then leads to a current response that is unexpected when only linear diffusion is considered. In order to exemplify this, we modeled the CV response of two redox systems. The reference system has a surface area of A 1 (orange curve in Fig. 1b ), while the porous system has the tenfold surface area, but a diffusion coefficient that is 0.01 times the value of the other (blue curve). In a cartoon of the electrode and its active surface area (Fig. 1c) , the blue curve is recorded within the porous structure, while the orange curve is recorded on the flat part of the electrode and on the outside of the porous structure. Pores can generate a big surface area (10 A 1 ), but diffusion of redox species from the bulk is considerably hindered by the carbon structure (0.01 D 1 ). The shape of the simulated curves in Fig. 1b shows that the small diffusion coefficients yield CVs with a smaller peak separation than bigger diffusion coefficients. The difference in surface area ensures that the currents of the blue and orange curve are similar.
Considering that the peak position is determined by an interplay of Butler-Volmer kinetics and the onset of mass transport limitation 38 , the influence of the diffusion coefficient can be understood. . These k 0 values are shown in Fig. 2c and it can be seen that we do not obtain constant values, but that in fact on electrodes with higher porosity a a higher "k 0 " is determined and that the determined electron transfer constants k 0 increase with higher scanrates. This indicates that ΔU on porous structures depends on the geometry of the electrode as well as on the electron transfer constant k 0
40
.
Punckt et al. meticulously studied CVs on electrodes prepared by drop-casting carbon nanomaterials 16, 40, 41 . Their verdict was that due to electrode porosity "only effective, i.e., morphology-related, reaction kinetics can be determined from CVs but not the intrinsic electrochemical kinetics of the electrode material." 40 .
Electrochemical impedance spectroscopy
EIS was performed at the rest potential which matched the U 0 of the ferric/ferrous redox reaction. The maximum k 0 that can be determined by EIS depends on the highest frequency which can be measured and the diffusion constant 44 . The requirement is that R CT cannot be small compared to the Warburg impedance:
With the resistive R W and capacitive C W component of the Warburg impedance .This can be simplified to (see supplementary information):
This means that EIS can determine electron transfer constants even for very small
, brought about by the porous structure, provided that frequencies of 10 5 Hz are accessible. The maximum frequency that can be applied depends very much on the cell geometry and on the specific resistivity of the electrolyte 45, 46 .
Chronoamperometry
Chronoamperometry (CA) is a method that perturbs the potential of an electrode from U 0 or another rest potential and measures the time-dependent current.
The faradaic current can be calculated by an expression containing a term for Butler-Volmer (BV)-kinetics and a term that contains the depletion of active species at the electrode 47 . 0.67 10 -3 s < t < 1.5 s
This time regime seems to be sufficient to detect the kinetic current. However, as we have seen in the CV-section, diffusion constants might be significantly smaller in porous structures, hence reducing the maximum time limit.
For the evaluation of experimental data we follow the extrapolation method given by H. Gerischer 49 . ). Extrapolating this curve to t = 0s yields the kinetic current corresponding to the applied overpotential. An alternative, microscopic theory of electron transfer based on the work of Marcus can be used instead of the empiric Butler-Volmer model for outer-sphere electron transfer 50, 51 . With expansion from Chidsey 52 the theory is now known as Marcus-Hush-Chidsey (MHC) model 53 . Bazant and coworkers simplified the formula for current vs. overpotential so that the MHC evaluation can now be as easily performed as the analysis according to the BV model 54, 55 . The resulting fit for the MHCmodel is also shown in Fig. 4b . The curve was calculated using equ. 18 from the publication by Zeng et al. 54 . ).
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Which method, CA or EIS, is preferred is up to the experimentalist to decide, both methods are suitable on porous electrodes. However, EIS has advantages in terms of simplicity and speed of data acquisition.
For CA multiple potential steps have to be recorded and evaluated. For EIS only a single impedance spectrum has to be recorded and then fitted to an equivalent circuit. On the other hand, CA yields the additional information of the transfer coefficients and .
Another fact to keep in mind is that in high surface area carbon electrodes the ohmic drop within the electrode phase can lead to a dispersion of potentials which is then problematic for electrochemical measurements. This is especially true for high current conditions 59 . Therefore, as overpotentials and therefore currents are lower in EIS than in CA measurements, the former might be more suitable to avoid a poor electrode potential distribution during the measurement. Another advantage of EIS is that impedance distributions or transmission lines can be employed to fit the experimental data 42 .
Comparison of electron transfer constants determined from CVs with Table 1 shows that CVs give values that are at least ten times higher than k 0 determined from EIS or CA. The dispersion of diffusion constants experienced in CV makes it very difficult to extract kinetic information.
For comparison of the activity of various electrode materials for one redox reaction, our group has developed a technique based on EIS 17 . It can also be employed to compare the activity of multiple redox reactions on electrodes if the normalization is done properly 13 . This technique is very similar to the normalization of I 0 by the C DL , it relies on the fact that both C DL and R CT are proportional to A 38 :
The formula of C DL depends on the geometry of the electrode (planar, tubular, spherical…), but it can be approximated as 60 :
With the thickness of the double layer t DL , the dielectric constant and the relative permittivity . It is important to note that in the first water layer at an electrode might be significantly smaller than the bulk value of roughly 80 17, [61] [62] [63] . Substituting for the unknown A equations 7 and 8 can be combined to 14 :
Employing electrodes of the same composition but various sizes then yields a linear relation between and and from the slope the kinetic information or can be determined 13, 17 . This method is based on the same principle as the normalization of EIS data by specific capacitance c DL values as described above, but has the advantage that the result is more graphical and the influence of the substrate can be identified and subtracted.
Another method to determine charge transfer kinetics on porous electrodes, not presented here, is based on flow through configurations 22, 64, 65 . It is similar to rotating disk electrodes as the flow of electrolyte reduces the influence of mass-transport limitation, but this technique has the advantage that it emulates the use of the electrode in an actual electrochemical device.
Electron transfer kinetics of the vanadium redox reactions -a review
A set of redox reactions for which the porous carbon electrodes are of immense importance are the vanadium redox reactions 28 :
These redox reactions constitute the anolyte (eq. 10) and catholyte (eq. 11) of the All Vanadium redox flow battery (VRB). If a current is drawn, the voltage V of the VRB is given by 26 :
With reaction overpotentials at the cathode and anode, the diffusion overpotential at cathode and anode and the voltage drop caused by the sum of all electronic and ionic resistances 66 .
The charge transfer overvoltage is directly tied to the exchange current density of the employed redox reactions and through the Butler-Volmer Equation (assuming R ohm = 0):
With concentrations of oxidized ( ) and reduced ( species. This means that in order to achieve a small at a given current I the product of j 0 and A has to be high. This is precisely the reason why for . Therefore, catalysis of the latter reaction, as well as for the one taking place in the anolyte of the VRB, is a hot topic in the literature. In Table 2 we compiled a list of recent studies that determined k 0 values for the vanadium reactions on porous carbon electrodes. Studies on non-porous electrodes 69, 70 and studies that look at porous structures but do not give an explicit value for k 0 or j 0 13,71-77 were ignored for this compilation.
The data points from Table 2 are also plotted in Figure 5 . It is striking that the values for k 0 for both redox reactions spread over four orders of magnitude, and this is only accounting for studies published from 2011 to 2016. Another interesting detail of the graphs is that for the V 2+ /V 3+ redox reaction (Fig.   5b ) the trend for the influence of oxidation/reduction of the electrode material, be it electrochemically, chemically or thermally, is uniform throughout the listed studies. This is not the case for the VO 2+ /VO 2 + redox reaction: Two studies assign faster kinetics to oxidized samples 35, 78 , while two studies conclude that reduced samples show larger values for k 0
This situation is unsatisfactory and we will apply the knowledge obtained in part 1 of this paper, how to determine the electron transfer constant on porous electrodes, to critically discuss the studies listed in Table 2 .
Jelyani et al. modified a piece of carbon felt (CF) with carbon nanotubes (CNTs), chemically oxidized the material in 98% sulfuric acid and then placed it in a furnace at either 250 ˚C or 450 ˚C 78 . The influence of heat treatment on carbon felt electrodes has recently been studied intensively 83, 84 . Chemical oxidation of carbons with acids is expected to follow a two-step process 85 : First, defects are generated when the oxidant attacks the carbon structure by electrophilic reactions which generates active sites such as -OH and -C=O. Second, under very oxidizing conditions, especially on CNTs, the graphene structure around the defect is broken and thereby the defect is removed from the electrode. This second step can be observed as mass loss of the CNTs 86 and has also been seen by Jelyani et al. 78 . Fourier Transform Infrared Spectroscopy (FTIR) spectra are shown that suggest that the heat and acid treatment generated functional groups on the CF-CNT electrode 85, 87, 88 . The hydrophilicity of the carbon electrodes was determined by comparing the weight of dried and wet samples. It was found that an acid-and heattreated CF-CNT sample can absorb 1237 wt% of water, whereas the untreated CF-CNT sample can only absorb 69 wt%. This suggests that the introduced functional groups increased the hydrophilicity of the electrode, as reported previously 13, 89 . 79 . Contacted by sealed wires only the fiber was exposed to the vanadium electrolyte. While this is not technically a porous electrode, it is included in this review because the experimental setup presents a way to extract reaction kinetics for a material that is typically employed as a porous, 3D
electrode. The single fiber, a carbon fiber microelectrode (CFME), was then exposed to oxidizing (2. for the untreated sample, whereas reductive potentials reduced it.
The activity of the treated and untreated CFME towards both vanadium redox reactions was investigated by linear sweep voltammetry (LSV, scan-rate 5 mV s -1 , and EIS. Some exemplary values for k 0 are given in Table 2 were determined 65 . The authors concluded that at sufficiently high flow rates, Tafel analysis can be performed without the need for mass-transport corrections. Estimation on how this sufficiently high flow rate depends on k 0 would be highly interesting as it can be expected that the flow rate will have to increase to investigate more facile redox reactions.
Employing eq. 7 our group determined R CT and C DL of CNTs with various degrees of functionalization and thereby obtained a value for the expression which is independent of the surface area A as shown in Fig. 6 
17
. The untreated CNTs are as described in section 2.1, CNT reduced were heated to 1000 ˚C in Argon atmosphere for 3h, CNT oxidized were treated in conc. H 2 SO 4 /conc. HNO 3 for 6 h. The used glassy carbon substrate, given as empty black circle in Fig. 6 , shifts all lines from the origin. Conversion of the slopes to a quantitative k 0 was done by extracting t DL and from the slope of GC electrodes with various sizes, and the assuming that 90 . This gave a value for which yielded a reasonable value of the thickness for the innermost layer of water of 17, 61, 62 . .
R. Schweiss investigated polyacrylonitrile-based carbon felts 80 . By modifying the carbonization protocol two more felt types besides the commercially available Sigracell® GFD 4.6 by SGL Carbon GmbH were produced. This resulted in felts with different surface area (BET, 266 -176 roughness factor), geometry and chemical composition (XPS, N content from 3.6% to 0.1%). Kinetic information was obtained by looking at the peak separation in CVs
38
. As the porosity of the felts influences the peak position in CVs the exact values for k 0 are somewhat questionable, however, the highest determined k 0 , as well as the highest voltage efficiency in a full VRB, was found for felts with a moderate degree of graphitic order and a bulk nitrogen content of about 2%. Nitrogen and nitrogen-containing functional groups offer a design space that has not been explored sufficiently for VRB electrodes, most studies focused on oxygen-containing functional groups 71, 92 .
Agar et al. performed CV measurements on untreated, heat-(400 ˚C for 6h in air) and acid-treated (98% sulfuric acid for 6h) carbon felt electrodes 35 . Electron transfer constants were determined via CVs, and heat-and acid-treated electrodes were found to exhibit higher k 0 values than pristine electrodes for both half-cell reactions. Problematic, besides the apparent catalytic effect observed in CVs, is the fact that the surface area was taken as the geometric surface area and that it was assumed that the treatment does not alter the surface area. However, both oxidative methods have been reported to increase the surface area 13, 78, 89 .
Wu et al. compared carbon paper electrodes with pyrolytic graphite and glassy carbon for both vanadium reactions 81 . The electrochemical analysis was performed with CVs. Whereas the flat electrodes showed a large peak separation (> 0.9 V), the carbon paper exhibited a peak separation of only 0.227 V. The electron transfer rate on GC was then determined as = 5.4 10 -5 cm s -1 and on carbon paper as = 1.13 10 -3 cm s -1 for the V 2+ /V 3+ redox reaction. Similar values were reported for the VO 2+ /VO 2 + redox reaction. The increased activity was then assigned to the large surface area and to a postulated inner-sphere mechanism for the reaction on the carbon paper electrode 81 . The former argument is invalid, as the electron transfer constant is normalized to surface area, and for the second it is not clear why the carbon of a carbon paper electrode should behave differently than that of pyrolytic graphite, similar to the argument against the high intrinsic redox activity of graphene 16, 19 .
A In summary, considering how difficult it is to extract k 0 on porous structures with CVs, three of the studies listed in Table 2 employ a more suitable method and succeed in separating contributions from surface area and electrochemical activity 17, 65, 79 . As can be seen in Fig. 5 69, 91 , regardless of the increase in surface area with increasing functionalization 13 . Combining X-ray absorption fine structure studies with our electrochemical results we hypothesized that vanadium oxides (VO x ) chemisorb on the oxygen functional groups and that these VO x species passivate parts of the electrode 13, 94 . . We reported a similar statement, albeit without calculating k 0 :
That the composition of the electrode determines which half-cell reaction has the higher electron transfer constant 13 . An interesting avenue of research has been opened by a study incorporating the nitrogen content, which could have different catalytic properties than oxygen content and should be investigated in the future 80 .
Conclusions
In the first part of this study, we have shown that CVs are not a suitable tool to determine electron transfer constants on porous structures. A changing surface area and a dispersion of diffusion coefficients during the applied potential ramp make it so that the peak potential depends on the electrode porosity, and not on the kinetics of the redox reaction 16, 17, 21, 22, 40, 41 . On the other hand, EIS and CA can be used to determine I 0 on porous structures and we have presented expressions for the maximum k 0 that can be detected. With both techniques, the transition from kinetic to mass-transport control can be directly observed. In order to calculate k 0 from I 0 the surface area A has to be known. 
